Abstract Fusarium wilt is one of the most serious threats to banana production worldwide. The disease is caused by the soil-borne fungal pathogen Fusarium oxysporum f. sp. cubense (Foc), especially tropical race 4 (Foc TR4). It has been reported that crop rotation and intercropping of Chinese leek (Allium tuberosum) with banana can effectively reduce incidence of the disease in the field. In this study, we investigated the toxic mechanism and bioactive compounds of Chinese leek root exudates (CLREs) acting against Foc TR4. In vitro experiments showed that CLREs inhibit the germination and growth of Foc TR4, initiate the accumulation of reactive oxygen species (ROS), and trigger a decrease in the mitochondrial transmembrane potential (ΔΨm). In addition, it induced decreases in the expression of ergosterol biosynthesis genes, and up-regulated the expression of genes associated with autophagy. Dimethyl trisulfide, dimethyl disulfide, 2-propenyl methyl disulfide, 2-propenyl methyl trisulfide, and 2-methoxy-4-vinylphenol are major components of CLREs volatiles, and strongly inhibit Foc TR4 development. These results suggest that CLREs induce cell death in Foc TR4 by inducing oxidative bursts, mitochondrial impairment, and plasma membrane depolarization. In addition, sulfur and phenolic compounds contribute to its antifungal activity.
Introduction
Fusarium wilt (Panama disease), one of the most destructive fungal diseases affecting banana plants worldwide, is caused by Fusarium oxysporum f. sp. cubense (Foc) (Ploetz 1990 (Ploetz , 2006 Moore et al. 2001; Fourie et al. 2011 ), a cosmopolitan soil-borne fungus that colonizes and blocks the vascular systems of host plants. The pathogen can be classified into four races according to host type (Ploetz 2006) . Among them, Tropical race 4China, and the Northern Territory of Australia (Molina et al. 2007; Su et al. 1986 ). In China, Fusarium wilt has been detected in all provinces with major banana industries, such as the Guangdong, Hainan, Fujian, Guangxi, and Yunnan provinces (Li et al. 2013a ). Once Foc is introduced to or found in banana plantations, Fusarium wilt is difficult to eradicate (Viljoen 2002) .
Chinese leek (Allium tuberosum) is a common vegetable in China. It can be easily biodegraded with little residue and without adverse effects on other plants; thus, it offers an environmental approach to control the disease. The intercropping or crop rotation of Chinese leek with banana could reduce the incidence of Fusarium wilt in China. Subsequent field and greenhouse studies have shown that Chinese leek has a suppressive effect on Fusarium wilt when grown in rotation with banana plants (Huang et al. 2012) . Chinese leek extracts significantly inhibited the mycelial growth and spore germination of Foc in vitro (Zhang et al. 2013) .
Natural products from plants and bio-control fungus as well as commercially available fungicides could control the disease in the field (Washington et al. 1999) . In most cases, apoptosis-like cell death was activated via different routes, such as oxidative bursts, phosphatidylserine (PS) externalization, and DNA fragmentation (Sharon et al. 2009 ). Farnesol, secreted by the fungus Candida albicans, could induce apoptosis in Aspergillus nidulans, a process which mitochondria and reactive oxygen species (ROS) participate in (Semighini et al. 2006) . Fungal autophagy plays an important role in both the initial protection of the cells of individuals from unwanted cell death and pathogenesis (Sharon et al. 2009 ). In filamentous fungi, autophagy is typically induced by carbon and nitrogen starvation (Pinan-Lucarré et al. 2005) , but it can also be caused by stress or exposure to antifungal compounds (Sharon et al. 2009 ).
Most fungicides impair the essential processes of targeted fungi, via such methods as the inhibition of cell wall formation, alteration of membrane permeability, and interference with RNA, protein, or amino acid synthesis (Sundriyal et al. 2006; Steffens et al. 1996) . In fungi, glucan polymers and chitin are major components of the cell wall, and ergosterol is essential for the maintenance of plasma membrane integrity (Wessels 1994) . As inhibitors of β 1-3 glucan synthase, the antifungal drugs known as echinocandins interfere with the synthesis of the fungal cell wall (Tawara et al. 2000) . Application of the polyene antifungal amphotericin B (AmB) first causes the formation of aqueous pores in the fungal plasma membrane, and then alters membrane permeability, ultimately leading to cell death (Bolard 1991) .
However, the toxic mechanisms and bioactive compounds of Chinese leek are poorly understood. In this study, the bioactive compounds and antifungal activity of Chinese leek root exudates (CLREs) acting on Foc TR4 spores were examined, and the potential mechanism of inhibition was elucidated.
Materials and methods

Preparation of root exudates and fungal isolates
Zigen-Chinese Leek (Allium tuberosum, Ji County Seeds Co., Tianjin, China) seeds were sown in the HongMei experimental field at the Institute of Fruit Tree Research, Guangzhou, in March 2012. The planting site was prepared and managed using established cultivation practices, without the application of either pesticides or fungicides. One year after planting, the Chinese leek plants were collected from the field and washed with sterile water to remove surface-adhering exudates and soil, then used for exudates collection. The Chinese leek seedlings were first placed in plastic containers filled with 2 l of sterile distilled water and maintained at room temperature (23-28°C), with each plate containing 20 plants. After 20 day of growth, the roots were weighed to determine their root exudates concentrations. To remove root sheaths and border-like cells, the root exudates were collected via centrifugation, then filtrated with nylon filters (pore size=0.22 μm). The Chinese leek root exudates (CLREs) were subsequently dissolved in sterile deionized water, and the stock concentration was adjusted to 10 g roots/ml using a vacuum freeze-drying apparatus (LGJ-10D Vacuum Freeze Drier, Four-Ring Science Instrument Plant Beijing Co., Beijing, China).
Foc TR4 isolate GD-13 (ACCC 37969, VCG 01213/ 16) was used to test the antifungal activity of CLREs in vitro. The strain was cultured on potato-dextrose agar (PDA) in 9-cm plastic dishes at 28°C for 7 days, after which the fungal mycelia was collected and inoculated into 50 ml potato dextrose broth (PDB) in an 100 ml Erlenmeyer flask, then placed on a rotary shaker at 200 rpm. After 48 h, the spore suspension was filtered using sterile gauze, centrifuged at 1000 rpm for 5 min, and resuspended in PDB. The conidial suspensions were adjusted to 2×10 6 conidia/ml. Germination test of Foc TR4 conidia A test to determine the germination rate of CLREstreated Foc TR4 conidia was performed as described by Li et al. (2011) . CLREs were mixed with the conidial suspension to achieve the indicated concentrations. For the control, sterile deionized water was used instead of CLREs. The treated conidia were incubated at 28°C for 1-6 h, and each treatment was replicated three times. One drop of the suspension from each treatment was placed on a slide and detected under a microscope. In each sample, five fields were observed at random, and the number of germinated conidia was counted. The germination ratio was calculated as a percentage, using the following equation:
To exclude the influence of the osmotic pressure and pH of the CLREs (2 and 8 g/ml) on Foc TR4 growth, the two traits were measured using a freezing point osmometer (OM-815 M, Löser, Germany) and a Sartorius basic pH-Meter PB-10 (China), respectively. Measurement of reactive oxygen species (ROS) production 2',7'-Dichlorlfluorescein diacetate (H 2 DCFDA, Life technologies Inc., Gaithersburg, MD) is nonfluorescent until hydrolyzed by intracellular esterase and oxidized by ROS to form the highly fluorescent dichlorofluorescein (DCF). Thus, intracellular ROS production could be measured by monitoring the fluorescence of DCF (Zhang and Chen 2011) . In addition, the nuclei of dead conidia could be stained with the red fluorescent dye Propidium iodide (PI, Life technologies Inc., Gaithersburg, MD) (Jones and Kniss 1987) . In order to detect the relationship between ROS production and the CLREs-induced cell death of Foc TR4, the conidia were double-stained with H 2 DCFDA and PI. After being treated with different concentrations of CLREs, 300 μl Foc TR4 conidia were incubated with H 2 DCFDA for 30 min and PI for 10 min in the dark. In order to remove the H 2 DCFDA and PI, the medium was washed three times with a phosphate buffer solution (PBS, pH=7.4). Fluorescence was analyzed using a multifunctional microplate reader (Varioskan Flash, Thermo Scientific, USA) and the LCSM.
Changes in the mitochondrial transmembrane potential (ΔΨm) Changes in ΔΨm were assessed by staining the conidia with JC-1 (Life technologies Inc., Gaithersburg, MD), which is selectively incorporated into the mitochondria of fungal conidia. The fluorescence shifted from orange to green, which indicated a decline in the ΔΨm of the conidia (Yamada et al. 2010) . The Foc TR4 conidia were incubated in a 96-well plate with CLREs, at the indicated concentrations for the aforementioned periods. They were then incubated with JC-1 and kept in the dark for 30 min at 28°C. After incubation, the treated conidia suspensions were washed three times with PBS and analyzed immediately using LCSM at excitation wavelengths of 488 nm and emission wavelengths of 530 and 590 nm. The ΔΨm was measured using a multifunctional microplate reader as chi-2 (intensity of fluorescence in red)/chi-1 (intensity of fluorescence in green).
Real time quantitative PCR (qRT-PCR)
Treated and untreated conidia suspensions were prepared after 0.5, 2, 4, and 8 h. The total RNA of each sample (including the replicates) was extracted using a Fungal RNA output kit (Tiandz Inc., Beijing, China). A PrimeScript TM RT Reagent kit with gDNA Eraser (TAKARA, Dalian) was used for RNA purification and the reverse-transcription of cDNA. The sequence of each gene was checked using the BLAST tool from the National Center for Biotechnology Information (NCBI, http://archive-dtd.ncbi. nlm.nih.gov/), and downloaded from the online resources of the Broad Institute (http://www. broadinstitute.org/). Primers were designed using the online software program Primer 3 (http:// primer3.ut.ee/). The ssequence of each primer is listed in Table 1 . qRT-PCR analysis was conducted using an CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, USA) with SYBR® Premix Ex Taq TM II (Tli Rnase H Plus, TAKARA, Dalian). Dissociation curve were analyzed before the qRT-PCR assay for their specificity. The relative expression levels were calculated by comparative -ΔΔCt, and normalized to actin (López-Berges et al. 2010 , 2012 .
Bio-control test in vitro
An in vitro bioassay system was used to evaluate the effect of CLREs on the development of Fusarium wilt symptoms in banana plants (Wu et al. 2010) . Briefly, the medium for the interaction system (MIS) (lower than 40°C) was mixed with CLREs to achieve the indicated concentrations, then mixed with the Foc TR4 conidia suspensions. For the control, an equivalent volume of sterile deionized water was added to the MIS, instead of CLREs. To simulate intercropping, the Baxi banana plantlets (AAA, susceptible cultivar) were immediately planted in the mixture and inoculated with Foc TR4. For crop rotation simulation, plantlets were planted in medium after Foc TR4 was added to the mixture after 24 h, and then co-cultured at 27°C for a 12-h daynight light photo-period. The disease incidence and the growth of Foc TR4 in the different treatments was recorded 15 days later. Ten plants were randomly obtained from each treatment to assess the IDI, which was calculated using the following equation: Integrated disease index (IDI) = average of each plantlet disease index/highest disease index × 100% (Li et al. 2011; Smith et al. 2008 ).
Analysis of the allelochemical components and the bioactivity
To identify the allelochemicals of the CLREs, the volatile and non-volatile phases were extracted via steam distillation (Ozel and Kaymaz 2004) . Then, the volatile phase was analyzed using a GC/MS system (Voyager, Finnigan, USA) equipped with a HP-INNOWAX fused silica capillary column (30 m×0.32 mm×0.25 mm). The GC parameters were determined to be as follows: carrier gas helium; splitless injection; injection port temperature 220°C; oven temperature initially 40°C for 3 min, then increased to 310°C at a rate of 
10°C/min, and completed at 250°C for 5 min. The MS conditions were as follows: Electron impact ionization (EI+) mode; electron energy 70 eV; ionization voltage 4 V; Lens 1:3 V, Lens 2:100 V; ion energy 0.6 eV; ion energy ramp 2 mV/amu; transfer line heater 230°C; ion source temperature 200°C. The obtained mass spectra were compared to those in the NIST 98 MS library database. Dimethyl trisulfide and 2-methoxy-4-vinylphenol were obtained from Sigma-Aldrich (Shanghai, China), and methyl 2-propenyl disulfide and methyl 2-propenyl trisulfide were purchased from Kangmanlin Chemical Industry Co. (Nanjing, China). Each compound was dissolved in dimethyl sulfoxide (DMSO) to create stock solutions. To identify the antifungal compounds in the CLREs, the viability of Foc TR4 samples treated with the pure compounds identified in the GC/MS assay was determined via FDA staining. The fluorescent signal was monitored via LCSM and a multifunctional microplate reader. Each treatment was replicated 3 times, and DMSO served as the control, rather than the pure compounds. The effects of pure compounds on Foc TR4 conidia were expressed as % viability, by comparing the viability of the treated conidia to the viability of the control conidia by using the following formula:
Statistical analysis
The data were statistically analyzed using Origin 8.0 (Microcal Software, Northampton, MA, USA), and significant differences were detected using the t-test (P<0.05).
Results
Growth and germination of Foc TR4 were inhibited by CLREs
Both viability and germination ratio of Foc TR4 were significantly inhibited when the concentration of CLREs was greater than or equal to 2 g/ml. As the concentration of CLREs increased, the change in the viability of Foc TR4 was indicated by the disappearance of the Fig. 1 Viability of Foc TR4 treated with CLREs for 24 h. The control group (a) and conidia treated with 2 g/ml (b) and 8 g/ml (c) CLREs were incubated in 50 μM FDA for 10 min at room temperature and then observed by LCSM. Viable conidia were green. Scale bars=50 μm. d the viability of Foc TR4 in different groups was quantified. Each data point is the mean±SE of three replicates. Statistical analysis was performed using the t-test, and asterisks indicate a significant difference from the control, at P<0.05 (*), and P<0.01 (**)
fluorescence of the FDA-tagged spores (Fig. 1a-c) . Viability was reduced by about 50 and 10 % by treatment with 2 and 8 g/ml of CLREs, respectively. In the control group, the germination ratio of the Foc TR4 conidia increased from 2.67±0.7 % to 28.2±3.1 % over a period of 6 h. However, when 2 or 8 g/ml of CLREs were mixed with the conidia, germination was significantly inhibited (Fig. 2) . The growth and germination of Foc TR4 were not affected by the osmotic pressure and pH of the tested CLRE solutions. The osmotic pressure of the 2 and 8 g/ ml CLRE solutions was 254.67±11.37 and 109±7 osmol/kg H 2 O, respectively (data not shown). There were no significant differences in viability when Foc TR4 conidia were grown in PDB to which different concentrations of sucrose had been added to induce osmotic pressure changes from 100 to 300 osmol/kg H 2 O. The pH values of the two CLREs solutions were as high as 5.84±0.1 and 6.01±0.09, but Fusarium species can grow normally on media within this pH range (Wheeler et al. 1991 ).
The accumulation of ROS and decrease of ΔΨm in Foc TR4 was elicited by CLREs
To elucidate the mechanism of the action of CLREs against Foc TR4, changes in ROS production and Fig. 2 Changes in the germination ratio (%) of Foc TR4 conidia treated with CLREs. Compared to the control, the germination ratio was significantly decreased when conidia were exposed to 2 g/ml and 8 g/ml CLREs. Data are represented as the mean±SE of three independent replicates, and the asterisks represent significant differences from the control, with P<0.05 (*) or P<0.01 (**) Fig. 3 ROS production index and spore viability of Foc TR4 conidia indicated by DCF and PI fluorescence intensity. (1): ROS production of mycelia and conidia induced by treatment with 2 g/ml of CLREs for the indicated time. Production of ROS in mycelia and conidia was increased after 10 min and 80 min of treatment. However, cell death (red color due to PI staining) was discovered after the increase in ROS. Scale bars=20 μm. (2): ROS increase in Foc conidia and mycelia treated with CLREs was time dependent
ΔΨm were examined. The production of ROS in Foc TR4 mycelia and conidia was significantly induced by 60 min after treatment with either 2 or 8 g/ml of CLREs ( Fig. 3(2) ). During normal metabolism, the ROS production index of Foc conidia was 71.2±1.05, but increased to 170.7±15.8 and 264.8±18.9 60 min after treatment with 2 and 8 g/ml of CLREs, respectively. The highest ROS production index was observed 210 min after treatment with 8 g/ml, and at 325.7± 15.7 was five times higher than that of the control (Fig. 3(2) ). After induction of ROS, Foc TR4 conidia and mycelium were stained by special dye PI (Fig. 3(1) ), and indicated that ROS production was a factor under CLREs-induced cell death.
As shown and quantified in Fig. 4 , Foc TR4 conidia and mycelia treated by CLREs and stained with JC-1 displayed a shift from red-orange to greenish yellow fluorescence, which is indicative of a loss or collapse of ΔΨm. Quantitative analysis showed that the depolarization of ΔΨm that occurred when Foc TR4 was exposed to CLREs occurred in a time-and concentrationdependent manner (Fig. 4d ). Significant decreases in ΔΨm occurred after Foc TR4 samples were treated with 2 or 8 g/ml of CLREs for 3 h. As shown in Fig. 4d , the chi-2/chi-1 value was 1.72 to 1.83 under normal conditions, and decreased to 1.38±0.11 and 1.04±0.06 3 h after the conidia had been exposed to 2 and 8 g/ml CLREs, respectively. Overall, these results suggest that ROS production and the decline of ΔΨm are early features of the CLRE-induced cell death of FocTR4 mycelia and conidia.
Foc TR4 ergosterol synthesis genes were repressed by CLREs Mitochondria are both the source and target of ROS (Simon et al. 2000) . However, our observations show that CLRE-induced ROS accumulation in Foc TR4 occurred earlier than the decrease in ΔΨm (Figs. 3 and  4) . Because of this, we tested the hypothesis that CLREs could target cell organelles besides mitochondria. Chitin synthase genes (CHI) and beta-(1, 3)-glucanosyltransferase genes (GEL) play an active role in fungal cell wall biosynthesis (Bowman and Free 2006) . In addition, the fungal cytochrome P450 lanosterol C-14α-demethylase genes (CYP51) are essential for the biosynthesis of ergosterol, which is responsible for fungal membrane integrity (Alvarez et al. 2007) . In order to detect other CLRE target sites, the expression rates of seven genes related to cell wall and Fig. 4 ΔΨm changes in Foc TR4 treated with root exudates for 8 h and detected with LCSM (a, b, c, Scale bars=20 μm), then analyzed using quantitative analysis (d). Under normal conditions, Foc TR4 mitochondria could be stained with JC-1, and exhibited red or orange fluorescence (a), but exhibited green fluorescence after the conidia were exposed to 2 g/ ml (b) and 8 g/ml (c) of CLREs for 4 h, indicating a reduction of ΔΨm plasma membrane synthesis in Foc TR4 (CHIA, CHI5, CHI7, GEL1, GEL3, CYP51-2, and CYP51-3) were determined via a qRT-PCR assay. There were no significant differences between the control and treated groups in the expression rates of five cell wall-related genes (data not shown). Nevertheless, when conidia were grown in PDB, the expression rates of 2 CYP51s, CYP51-2 and CYP51-3, were up-regulated from 0.5 to 2 h, but strongly repressed from 0.5 to 4 h after the CLREs treatment (Fig. 5) . These results suggested that the synthesis of ergosterol was inhibited by CLREs.
Autophagy of FocTR4 was induced by CLREs
Autophagy is a self-degradative process involved in responses to stresses such as treatment with antifungal drugs (Glick et al. 2010; Richetta and Faure 2013) . Autophagy-related (ATG) genes are either involved in autophagy, or responsible for the activation of specific autophagy-related pathways in response to stress Fig. 5 The expression rates of the membrane integrity related genes CYP51-2 (a) and CYP51-3 (b) were analyzed using qRT-PCR, after the Foc TR4 conidia were exposed to 2 g/ml CLREs for different time. Each data point is the mean±SE of three replicates. Statistical analysis was performed using the t-test: asterisks indicate a significant difference from the control: P<0.05 (*), P<0.01 (**) Fig. 6 The expression rates of autophagy-related genes ATG1 (a), ATG8 (b), and ATG15 (c) were validated using qRT-PCR, after conidia were treated with 2 g/ml CLREs. Statistical analysis was performed using the t-test, asterisks indicate a significant difference from the control: P<0.05 (*) or P<0.01 (**) (Sharon et al. 2009 ). To investigate the adaptive reaction of Foc TR4 exposed to CLREs, the expression rates of ATG1, ATG8, and ATG15 genes were investigated via a qRT-PCR assay. As shown in Fig. 6 , in the control group all three genes were up-regulated from 0.5 to 2 h of growth in PDB, but declined to only a quarter of the highest expression levels after 4 to 8 h. However, in all of time points tested, the expression of three genes was strongly induced by CLRE exposure (Fig. 6a-c) . These results indicate that the occurrence of autophagy-related adaptive responses was induced by CLREs exposure.
Bio-control effects of CLREs in vitro
Above, we confirmed the presence of an adaptive response to CLREs exposure. In light of our results, we considered that the reasonable method was important for the effective control of Foc TR4 using antifungal compounds from Chinese leek. In the field, traditional measures such as the intercropping and crop rotation of banana and Chinese leek were used. In this study, in vitro experiments were designed to simulate the above mentioned bio-control methods, and investigate the bio-control efficiency of CLREs (Fig. 7) . Notably, the highest control efficacy was achieved by simulating crop rotation using 8 g/ml CLREs. In the control, symptoms of banana Fusarium wilt appeared 5 days after inoculation with Foc TR4, and most of the plantlets died within 15 days of inoculation ( Fig. 7a and d) , with an IDI value of 92.4±2.1 (Fig. 7g) . In the crop rotation simulation experiment, the IDI values were 25.35±5.64 and 17.61±3.77 for 2 and 8 g/ml CLREs treatment, respectively. In the intercropping simulation experiment, the IDI values were 78.24±8.94 and 62.7±3.62, respectively (Fig. 7g) , mycelia could grow on plantlet tissue that did not penetrate the medium. These results further verified the toxicity of CLREs and the adaptive responses of Foc TR4.
Allelochemicals and its bioactivity
The selection of antifungal compounds from CLREs is important for further application and research. The volatile phase had been confirmed to exhibit greater inhibitory effects (Fig. 8(1) ). In addition, 35 compounds were isolated and identified from the volatile components of the CLREs via GC/MS analysis. Of these, the relative contents of nine compounds were higher than 1 % ( Table 2 ). The main components of the volatiles were sulfur and phenolic compounds, which accounted for 77.3 % and 8.77 % of the total peak area, respectively. Other components including esteric and heterocyclic compounds, which together accounted for 13.93 % of the total peak area. Higher concentrations of pure compounds such as dimethyl trisulfide (32.12 %), dimethyl disulfide (23.95 %), 2-propenyl methyl disulfide (10.37 %), 2-propenyl Fig. 7 Bio-control test of CLREs on Fusarium wilt of banana in vitro. In the test to simulate intercropping (a, b and c), Foc TR4 mycelia treated with 8 g/ml (b) and 2 g/ml (c) CLREs could grow on plant tissue growing out of the medium. In the crop rotation simulation experiment (d, e and f), mycelial growth was completely inhibited by 8 g/ml CLREs (e), and significantly reduced by 2 g/ ml (f). g: quantitative analysis of IDI (%) in the intercropping (Group A) and crop rotation (Group B) simulation experiment. Data are represented as the mean±SE, and the asterisks represent statistically significant differences at P<0.05 (*) or P<0.01 (**) methyl trisulfide (5.84 %), and 2-methoxy-4-vinylphenol (8.77 %) were identified from among the volatiles.
All four tested volatile compounds had inhibitory effects on Foc TR4 viability, but 2-propenyl disulfide exhibited weaker bioactivity than the other three compounds ( Fig. 8 (2) ). The viability of Foc TR4 was reduced to less than 10 % 24 h after the application of 0.5 μl/ml 2-methoxy-4-vinylphenol, dimethyl trisulfide, and 2-propenyl methyl trisulfide.
Discussion
Chinese leek is widely used to control Fusarium wilt of banana in southern China (Huang et al. 2012; Zhang et al. 2013) . However, there are still limitations to its application, because the mechanism and antifungal compounds behind the control of Fusarium by Chinese leek remain unclear. In this study, we investigated the mechanism by which CRLEs cause cell death, and the mechanism behind the antagonistic response of Foc TR4. Fig. 8 Bioactivities of volatiles and pure compounds from CLREs. (1): Compared to the control (a), most of conidia could be labeled with FDA, which indicates that the viability of Foc TR4 was not significantly reduced by 24 h of treatment with 8 g/ml non-volatiles (b). However, they were significantly inhibited by treatment with 8 g/ml volatiles (c). Scale bars=50 μm.
(2): Quantitative analysis of the bioactivity of four pure compounds extracted from the volatile CLREs. The data are represented as the mean±SE of three replicates, and the asterisks indicate significant differences from the control groups, when P<0.05 (*) or P<0.01 (**) Toxicity of CLREs to Foc TR4
The antifungal activity of Chinese leek leaf and root extracts had been confirmed (Zhang et al. 2013) . Our results further revealed that the viability and germination of Foc TR4 conidia were significantly suppressed by treatment with 2 g/ml of CLREs. Thus, we suggested that antifungal compounds secreted by roots of Chinese leek played an important role in the efficiency of Fusarium control via intercropping and crop rotation. The viability of Foc TR4 decreased by 50 and 10 % when treated with 2 and 8 g/ml of CLREs, respectively. Thus, these two concentrations were used for further study.
Although it is difficult to calculate the relationship between the concentrations tested and secretion in soil, we suggest better control efficiency in field. CLREs were only collected from the hydroponic system for 20 day. However, Chinese leeks can be grown in the field for as long as 3 to 5 years, during which root exudates could be secreted continuously.
Probable mechanism of Foc TR4 cell death induced by CLREs
Fungal cell death could be elicited by antifungal compounds and environmental stress (Sharon et al. 2009 ). In most cases, early features of apoptotic-like cell death were observed. Our results showed that early responses such as ROS bursting and ΔΨm decreases in Foc TR4 were activated by exposure to CLREs (Fig. 3) . As a primary cell death regulator, ROS play a crucial role in cell death and are involved in many of the vital physiological signaling pathways of filamentous fungi (Madeo et al. 2004; Carmona-Gutierrez et al. 2010) . They can be produced by the plasma membrane, mitochondria, and other cellular organelles and compartments (Kaelin 2005) . During abiotic and biotic stress, ROS accumulation also induced a number of reactions including apoptosis. Plagiochin E-induced ROS accumulation in cells leads to chromatin condensation, DNA fragmentation, and the oxidation of the mitochondrial pores, then mediates apoptosis (Simon et al. 2000; Wu et al. 2010) . Furthermore, nuclei of Foc TR4 were stained with PI along with ROS accumulation, which indicated of the occurrence of cell death (Fig. 3) . In addition, energy dissipation in the mitochondria has frequently been regarded as a decisive event in apoptosis that regulates many of the key proteins and genes associated with cell death, such as cytochrome c, Omi/hTRa2, and the Bcl-2 family (Kroemer et al. 2007 ). The decrease of ΔΨm in Foc TR4 exposed to CLREs occurred after an increase in ROS, which indicated that ROS accumulation was an important process underlying the early stages of CLREsinduced cell death. Overall, we speculated that apoptoticlike cell death was elicited by exposure to CLREs through the accumulation of ROS and mitochondrial impairment. However, to determine whether apoptosis occurs under these conditions, detailed study of the mechanism behind the effect of pure compounds from CLREs on Foc TR4 was required. A number of antifungal drugs have been shown to target special sites and processes such as the cell wall, plasma membrane, or the synthesis of nucleic acids or proteins (Steffens et al. 1996) . The expression of CYP51-2 and CYP51-3, related to membrane integrity, was inhibited by CLREs (Fig. 5) . The depolarization of the membrane structure also induced intracellular Ca 2+ changes and oxidative bursts (Cho et al. 2013; Risso et al. 1998 ). Thus, we suggest that damage to plasma membrane integrity is another important early feature of CLRE-induced cell death, due to their high affinity for fungal ergosterol when Foc TR4 was exposed to CLREs.
Adaptive response of Foc TR4 induced by CLREs
The adaptive responses of fungi are critical for the survival of continuous exposure to physical and chemical stresses such as fungicide application (Gonçalves et al. 2009; Pillai et al. 2014; Santos et al. 2009 ). Autophagy, which continuously recycles most cellular constituents, is a major response to both extracellular and intracellular stress (Andreas Roetzer et al. 2010; Mizushima and Klionsky. 2007; Tolkovsky 2009 ). In Aspergillus nidulans and Chlamydomonas reinhardtii cells, autophagy induced by either carbon starvation or the antifungal drug rapamycin, contributed to the activation of some effectors for survival (Kim et al. 2011; Pérez-Pérez et al. 2010) . Autophagy has also been verified to play an important role in the survival of higher eukaryotes (Kim et al. 2009 ). For Foc TR4, the expression of three vital genes responsible for autography was significantly up-regulated after 4 h of CLREs treatment (Fig. 6) . Furthermore, in the simulation of intercropping, the mycelia of Foc TR4 could grow on banana plantlet tissues outside of the CLREs medium ( Fig. 6e and f) . Taken together, our observations revealed that CLREs could induce an adaptive response in Foc TR4.
Antifungal components of CLREs
The purification of antifungal compounds from plants or microorganisms and their application has long been considered an important tool for the effective control of plant diseases (Lavermicocca et al. 2000) . Sulfur and phenolic compounds are the major components of volatiles in Chinese leek leaves, roots, and root exudates (Table 2 ; Pino et al. 2001; Zhang et al. 2013) . Sulfur-containing compounds extracted from a number of plants exhibit broad-spectrum bioactivity against fungi and bacteria (Kim et al. 2006; Kyung 2012; Tandon et al. 2009 ). Our results further verified the strong inhibitory effects of all four compounds in vitro (Fig. 8 and Table 2 ). Although the inhibitory effects of four sulfur compounds, including dimethyl disulfide, have recently been reported (Zhang et al. 2013) , we have verified the bioactivity of 2-methoxy-4-vinylphenol against Foc TR4. In addition, we suggest that the sulfur and phenolic compounds released from Chinese leek contributed to the inhibition of Foc TR4 growth in the field.
Thus, we verified the highly inhibitory effects of CLREs on Foc TR4 growth and development. During the inhibitory process, the accumulation of ROS, decrease in ΔΨm, and impairment of membrane integrity were activated. Conversely, adaptive Foc TR4 responses such as autophagy were induced by exposure to CLREs. The sulfur compounds and 2-methoxy-4-vinylphenol released from CLREs contributed to their effects.
